Objective: To determine the impact of commonly used body fat percentage (%BF) references when evaluating the sensitivity, specificity and misclassifications of body mass index (BMI) for obesity screening in adolescence. Subjects/Methods: A community-based sample of 3334 adolescents aged 15.270.6 years was studied. Weight, height and %BF were measured. Sensitivity, specificity, predictive values and type and extent of misclassifications were calculated. Truepositive subjects for overweight and obesity were defined by recently published paediatric %BF cutoffs, 85th and 95th percentiles from the present study population, and an older %BF reference. Results: Regardless of %BF reference used, specificities were high (40.98 for obesity and 40.90 for overweight) in both sexes, with values for overweight consistently higher for girls (Po0.05). Sensitivities were much lower, with boys ranging from 0.52 to 0.74 for overweight, and 0.24 to 0.43 for obesity. Corresponding sensitivities for girls were 0.42-0.66 and 0.22-0.46. Large discrepancies were seen in total number of misclassifications, with published references resulting in twice as many misclassified for overweight (620, 514 vs 362) when compared to the cutoffs from the study population. For obesity, the difference was even greater (367 vs 133). Conclusions: No matter which %BF reference used, specificity of BMI was high, and sensitivity low for both sexes. Population percentiles resulted in somewhat lower specificity but much higher sensitivity, and many more correctly classified compared to when cutoffs from the literature were used. The choice of %BF reference in evaluations of BMI-based classification systems has a large impact on the outcome. Sensitivity analyses are therefore warranted.
Introduction
Various body mass index (BMI) standards have been used to define overweight and obesity in adolescence (Guillaume 1999; Cole et al., 2000; Kuczmarski et al., 2000) . Some studies have evaluated their diagnostic accuracy for adiposity, but as no accepted standard exists for classification of overweight and obesity based on body fat percentage (%BF), different cutoffs have been used (Reilly et al., 2000; Neovius et al., 2004 Neovius et al., , 2005 Zimmermann et al., 2004) .
Several previous studies have defined paediatric obesity and overweight as the fattest 5 and 15%, respectively, in the sample (Lazarus et al., 1996; Reilly et al., 2000; Fu et al., 2003) . This method sets the %BF-based prevalence to a fixed percentage, and even though individuals with higher %BF relative to the group may be identified, the cutoffs may vary between studies. Recently published paediatric %BF reference values use the 85th and 95th percentile for a certain British sample of children to denote overweight (or overfatness) and obesity, respectively (McCarthy et al., 2006) . The authors created age-and sex-specific centile curves for %BF in 5-to 18-year-old children, to enable a refined diagnosis. Hereby, the %BF cutoffs are fixed, and do not vary by the degree of fatness of the sample investigated in a specific study. However, the relation of these cutoffs to cardiovascular risk factors remains unclear.
Previously published %BF cutoffs exist that are coupled to a significant overrepresentation of cardiovascular risk factors (Williams et al., 1992) . In a sample of 5-to 18-year-old subjects they found that 25%BF for boys and 30%BF for girls, respectively, were suitable to define excess fatness. These cutoffs have been used in evaluations of BMI-based classification of overweight (Sardinha et al., 1999; Neovius et al., 2004 Neovius et al., , 2005 .
Using different %BF references on diagnostic characteristics of BMI impacts evaluations, but hitherto no study has investigated the magnitude of this issue. The aim of this population-based study was to investigate the influence of three different %BF cutoffs on the diagnostic characteristics (sensitivity and specificity) and usefulness (predictive values, type and total number of misclassified subjects) of a commonly used BMI-based reference for detecting adolescent overweight and obesity (Cole et al., 2000) .
Subjects and methods
The data set used was from the COMPASS study, which has been described in detail elsewhere (Rasmussen et al., 2004 (Rasmussen et al., , 2007 Eriksson et al., 2005) . COMPASS is a community-based study of physical activity, lifestyle and self-esteem in Swedish school children. The children were identified from the school registers of the municipalities, and were residents of a geographically well-defined area of Stockholm County with 372 857 inhabitants in 2001. The target group for COMPASS comprised all 4188 boys and girls attending 8th grade of municipal schools in 2000 or 9th grade in 2001. The Regional Ethics Committee of the Karolinska Institute approved the study.
Nonparticipation
Of the 4188 admissible adolescents, 3548 (84.7%) participated in at least one part of the study, 10.5% did not wish to participate and 4.8% did not participate for other reasons, for example absence from school due to illness. Complete data for the present analysis, that is body composition and anthropometry, were available for 3334 adolescents (n ¼ 1603 girls, n ¼ 1731 boys; age 15.270.6 years (mean7s.d.)). The mean BMI did not differ markedly between participants and nonparticipants for whom BMI was available (21.1 vs 21.2 for girls and 21.0 vs 20.7 for boys). Neither did participants and nonparticipants differ regarding physical activity, but a slightly lower participation rate was seen for children to mothers with low education than high (70.3 vs 74.6%).
Measurements
Height, weight and %BF (bio-electrical impedance analysis (BIA)) were assessed twice a few minutes apart by trained study nurses employed for the project. The mean values of the two measurements were used in this study. The prediction equations for adolescents suggested by Houtkooper et al. (1992) were used, as has been recommended by Goran (1998) .
Weight was measured to the nearest 0.1 kg with the subjects dressed in their undergarments. Standing height was measured to the nearest 0.5 cm against a wall-mounted stadiometer. BMI was calculated (weight/height 2 ; kg/m 2 ). Body composition was measured by BIA using the Quantum II equipment (RJL Systems, Clinton Township, MI, USA).
BMI-and %BF-based definition of overweight and obesity
The subjects were classified as overweight or obese according to the BMI-based definitions of overweight and obesity recommended by the International Obesity Task Force (IOTF; Cole et al., 2000) . Three different %BF-based cutoffs were used in this study, namely the ones proposed by McCarthy et al. (2006) and Williams et al. (1992) , and the 85th and 95th percentiles derived from the COMPASS study population. For Williams, cutoffs only exist for overweight (or 'excess fatness'), not obesity, and they are not age-specific. Therefore, these are only used for overweight. The cutoffs proposed by McCarthy et al. (2006) , based on the 85th and 95th percentiles, were derived from a sample of 1985 Caucasian children from southern England, and they had their %BF estimated by BIA (Tanita BC-418MA). They used the term 'overfatness' to denote adiposity exceeding the 85th percentile, and obesity for %BF exceeding the 95th. Below overweight is used instead of overfatness.
Parental education level and country of birth Educational level of the mother when the offspring was 14-16 years of age was obtained from the Statistics Sweden's Register of Education (2000) . Educational level was defined as low (less than 9 years) medium (9-12 years) and high (more than 12 years). Additional information on the adolescents' and their parents' country of birth was collected from the Registry of the Total Population of year 2000. The adolescents were categorized as 'Swedish' (offspring and parents born in Sweden), of 'foreign origin' (offspring born in Sweden and at least one parent born in another country) or 'immigrants' (offspring and at least one parent born in another country; Rasmussen et al., 2004) .
Statistical analysis
Statistical analyses were performed by using SPSS for Windows (version 13.0; SPSS Inc., Chicago, IL, USA). Analyses of receiver operation characteristic (ROC) curves were performed to evaluate the general performance of BMI Influence of %BF cutoffs on evaluations of BMI-based classification systems M Neovius and F Rasmussen to detect body fatness. The area under the ROC curve was used as a global measure of the performance of the IOTF BMI cutoffs for childhood overweight and obesity (Zweig and Campbell, 1993) . Sensitivity (true-positive rate) and specificity (true-negative rate) were calculated and used as measures of the inherent diagnostic characteristics of the classification systems. In addition, the absolute number of misclassified subjects was calculated. Positive predictive values (PPV) and negative predictive values (NPV) were also calculated, providing estimates of the probability that children screened as normal weight, overweight and obese according to the IOTF BMI cutoffs, were correctly classified. Sex differences in sensitivity, specificity and predictive values were investigated by two sample proportion tests.
Results
Subject characteristics are presented in Table 1 . Of the 3334 adolescents, 60% were of Swedish origin, 29% of foreign origin and 11% were immigrants. The great majority of the adolescents were of Caucasian ancestry. Thirty-three per cent had a mother with high education, 47% with medium-level and 20% had a mother with low level of education. There was no significant gender difference in BMI (P ¼ 0.127), while boys were both taller and heavier, but with lower mean %BF (all Po0.001). On the basis of BMI, the prevalence of overweight (including obesity) in the total sample was 16.7%, while the obesity prevalence was 3.4%. Compared to the prevalence of overweight and obesity determined by McCarthy %BF cutoffs, the BMI-based estimated prevalence for overweight and obesity were about half and a fourth as large in magnitude, respectively (Table 2) . Using the 85th and 95th percentiles from the sample, the prevalence estimates were similar to the BMI-based, while the cutoffs proposed by Williams et al. (1992) resulted in slightly lower prevalence of overweight for boys and double the prevalence in girls (Table 2) .
ROC analyses
The IOTF BMI cutoffs performed well on average as a screening test for overweight and obesity, with areas under the ROC curve around 0.85 and 0.90, respectively, with no statistically significant differences between the sexes (Table 2) . Hence, a randomly selected individual from the overweight group had a BMI value larger than a randomly chosen individual from the nonoverweight group about 85-90% of the time, while the corresponding probability for the obese group was 90-95%.
Diagnostic characteristics: sensitivity and specificity Scatter plots showing BMI vs %BF with the reference values marked by reference lines are shown in Figure 1 for overweight and Figure 2 for obesity. From these figures, it is apparent that in both sexes for obesity, and overweight in girls, the fraction of subjects falling into the lower right quadrant, that is, the false-positive rate, is very low irrespective of the %BF reference chosen. At the same time, the false-negative rate is high, indicating a much lower sensitivity than specificity in all groups. While the %BF references recommended by Williams and McCarthy are almost superimposed for overweight girls, the 85th percentile in the COMPASS sample is markedly higher Refers to the BMI-based classification system proposed by Cole et al. (2000) . b Refers to the references proposed by Williams et al. (1992) and McCarthy et al. (2006) and the percentile-based cutoffs from the current sample (85th and 95th percentiles from COMPASS). c 95% confidence interval provided within parentheses.
Influence of %BF cutoffs on evaluations of BMI-based classification systems M Neovius and F Rasmussen ( Figure 1 ). For obesity, the 95th percentile in the COMPASS sample is also markedly higher than the cutoff from McCarthy (Figure 2) , which leads to greater sensitivity but lower specificity, when using this as the %BF reference to evaluate BMI against.
The results for sensitivity and specificity are presented numerically in Table 3 . The specificity was greater than 98% for obesity, and greater than 90% for overweight, for both sexes no matter which %BF reference standard was used. The specificity was significantly higher for girls than boys for Influence of %BF cutoffs on evaluations of BMI-based classification systems M Neovius and F Rasmussen overweight (P McCarthy ¼ 0.04, P 85th ¼ 0.02, P Williams o0.0001), while no significant gender differences were seen for obesity. Compared to the values for specificity, the values for sensitivity were much lower, especially for obesity (Table 3) . When using the McCarthy cutoffs, the sensitivity was less than 25%, and for the 95th percentile %BF cutoff in the COMPASS study, it ranged between 42.9 and 46.3%, but with no significant gender differences. For overweight, the range was wider, from around 40% to above 70%, with consistently higher values for boys than girls, which reached statistical significance for both the McCarthy and Williams cutoffs (P McCarthy ¼ 0.002; P Williams o0.0001).
Usefulness: number and type of misclassifications
In absolute terms of misclassified subjects, an evaluation based on McCarthy or Williams differ markedly from one based on the 85th or 95th percentiles of the COMPASS study (Table 4 ). The number of false-negative subjects was extremely high for McCarthy and Williams. The number of false-positive subjects was high for the 85th and 95th sample-derived percentiles and for Williams. There was a major imbalance between false-positive and false-negative subjects for both genders when using McCarthy, and girls when using Williams, with severalfold more false-negative subjects than false-positive subjects both for overweight and Refers to the BMI-based classification system proposed by Cole et al. (2000) . b Refers to the references proposed by Williams et al. (1992) and McCarthy et al. (2006) and the percentile-based cutoffs from the current sample (85th and 95th percentiles from COMPASS).
c From the present study (COMPASS). Refers to the references proposed by Williams et al. (1992) and McCarthy et al. (2006) and the percentile-based cutoffs from the current sample (85th and 95th percentiles from COMPASS). b Total number of misclassifications. Gender-specific frequency is given within parentheses (boys/girls). Influence of %BF cutoffs on evaluations of BMI-based classification systems M Neovius and F Rasmussen obesity. By contrast, there was more of a balance between the two types of misclassifications when using sample-derived percentiles as cutoffs.
Looking at the total number of misclassifications, there was close to a threefold difference between using the sample percentiles or literature-based %BF cutoffs for obesity (Table 4 ). The differences for overweight were smaller, but still close to double as large for McCarthy than for the 85th percentile.
The fraction of adolescents correctly classified as obese or nonobese (efficiency) was 89% when using McCarthy cutoffs, and 96% according to the 95th percentile from the sample. For overweight, the efficiency was somewhat lower when using McCarthy or Williams (Table 4) .
Predictive values
The probability that a person classified as overweight by BMI criteria was really overweight according to the %BF cutoff (PPV), was higher for girls than boys, but the difference only reached statistical significance when using the cutoffs by Williams (Po0.01; Table 3 ). The PPV was below 60% for boys both for overweight and obesity, when using the percentiles of the COMPASS study or Williams, while 81% if using McCarthy. For girls, the trend was similar, but with both Williams and McCarthy having greater PPV, although the magnitude of the difference was smaller (Table 3) . For NPV, sample percentiles resulted in higher values than McCarthy for both sexes, and resulted in higher values than Williams in girls. In girls, basing the evaluation on either McCarthy or Williams cutoffs, the probability of being truly nonoverweight was less than 80%, while for percentiles from the Swedish study population it was 94%. For NPV, significant gender differences were observed for overweight, with higher values for boys than girls for both McCarthy and Williams (Po0.01) . No significant gender differences in either PPV or NPV were observed for obesity.
Discussion
We investigated the diagnostic characteristics and usefulness of the most commonly used BMI-based classification system for paediatric obesity, using three different %BF cutoffs as positivity criteria. For all three %BF cutoffs, the BMI-based classification was found to be highly specific, but insensitive, for both overweight and obesity among boys and girls. Both the sensitivity and the total number of misclassified subjects varied greatly with the %BF cutoffs chosen. Hence, the choice among commonly used positivity criteria appears to have a significant impact of large magnitude on findings from studies evaluating the diagnostic characteristics of BMI.
The highly specific but less sensitive nature of BMI-based classification systems has been documented repeatedly, despite variations in cutoffs used (Sardinha et al., 1999; Reilly et al., 2000; Fu et al., 2003; Neovius et al., 2004; Zimmermann et al., 2004) . The estimates of sensitivity and specificity have, however, varied greatly in these previous studies. This may partly be due to the fact that different age groups in different countries have been investigated. However, the choice of reference values is also likely to be of importance since sample-derived percentiles vary with the degree of adiposity, which is not constant between the countries considered. Great variations of estimates of sensitivity and specificity may also be due to the fact that some studies have not used sample-derived cutoffs, but those proposed by Williams et al. (Williams et al., 1992; Sardinha et al., 1999; Reilly et al., 2000; Neovius et al., 2004 Neovius et al., , 2005 Zimmermann et al., 2004 ). In the current study, all %BF references were applied to one and the same population, enabling comparison of the influence of the choice of %BF cutoff used. The findings of high specificity and low sensitivity were confirmed by all three systems employed and in both genders. However, large discrepancies between the values of the sensitivities were seen.
The predictive values and associated number and type of misclassifications have seldom been reported in previous publications evaluating BMI references. Despite this, statements about the superiority of compared BMI-based systems have sometimes been made (Zimmermann et al., 2004) . Different goals, for example, minimizing the absolute number of misclassifications, maximizing the trade-off between sensitivity and specificity, or minimizing false-positive subjects (or false-negative subjects) do not result in the same optimal BMI cutoff to choose for the decision maker (Neovius et al., 2005) . Comparisons of the 85th and 95th %BF cutoffs from our Swedish study with similar cutoffs from the literature resulted in varying number of misclassifications from BMI-based screening cutoffs (Cole et al., 2000) .
In this study it was also found that there were significant gender differences in sensitivity and specificity for overweight for McCarthy and Williams, and specificity for the 85th percentile, while no such gender differences were present for obesity. The gender difference is in agreement with the findings of Reilly et al. (2000) ,who evaluated the IOTF system in a sample of British prepubertal children, although a samplebased percentile approach was used to define true-positive subjects. This result indicates that there may be gender distortions in prevalence estimates for overweight, provided that the %BF-based references are not gender biased. Anchoring them to risk factors (for example, blood pressure and lipid metabolism) and disease outcomes is desirable in future.
The strengths of this study are the large sample size, high participation rate and narrow age range of study subjects. Other strengths are the inclusion of measures of usefulness in addition to sensitivity and specificity and the investigation of the influence of three different %BF references, one internal and two external, to the sample. However, it also has several limitations. BIA used for measuring body composition in two of the compared studies (McCarthy et al., 2006; Rasmussen et al., 2007) , and skinfold thickness measurements applied in the third study (Williams et al., 1992) are not the most accurate methods available. BIA may be Influence of %BF cutoffs on evaluations of BMI-based classification systems M Neovius and F Rasmussen affected by increasing measurement errors in severely obese subjects (Kyle et al., 2004) , and skinfold thickness measurements used in previous validation studies (Fu et al., 2003; Zimmermann et al., 2004) have also been criticized for being afflicted by measurement errors (Reilly et al., 1995) . Computed tomography, dual X-ray absorptiometry and densitometry are more accurate techniques for assessment of body composition (Goran, 1998) , but these methods are less suitable for large epidemiological studies due to higher costs, higher requirements for patient cooperation and time and so on. The criteria for a true-positive test (diagnosis), that is %BF cutoffs, can be discussed at length. A specific %BF threshold for excess fatness is equally hard to find as for BMI, since risk increases gradually. However, the reference materials have been utilized previously, but not contrasted. The McCarthy cutoffs are not directly anchored to occurrence of metabolic risk factors, as the cutoffs proposed by Williams et al. (1992) . However, the cutoffs are age-specific and derived from a Caucasian sample by use of BIA, just as in the present study. In addition, the most serious limitation of sample-based percentile approaches is that the cutoffs may vary widely between studies, and the %BF-based prevalence of overweight/obesity are fixed (commonly at 15 and 5%, respectively), while the use of external references, such as the one proposed by McCarthy et al. (2006) or Williams et al. (1992) , ensures that the same %BF cutoff is used and that prevalence proportions are not fixed within samples.
In conclusion, high specificity and low sensitivity were seen irrespective of %BF reference for true-positive subjects, and a much larger number of false-negative subjects than falsepositive subjects resulted for the references from the literature. The percentiles from our Swedish study resulted in somewhat lower specificity, but higher sensitivity, and resulted in almost half as many misclassified in absolute terms compared to the cutoffs from the literature. Hence, the choice of %BF-reference in evaluations of BMI-based classification systems appears to have a large impact on the outcome and interpretation of evaluations of BMI as a screening measure. Therefore, sensitivity analyses should be performed to investigate how robust the findings regarding BMI-based classification systems are to changes in the positivity criterion.
